In Adoxophyes honmai, a population that has developed resistance to a disruptant composed of (Z)-11-tetradecenyl acetate was recognized in Shimada in Shizuoka Prefecture. The sex pheromone components of the resistant population were individually analyzed. The average amounts of (Z)-9-and (Z)-11-tetradecenyl acetates were 40.5 ng and 45.6 ng, respectively, whereas the averages in the susceptible population were 39.9 ng and 15.1 ng. The results suggest that resistant females biosynthesize more (Z)-11-tetradecenyl acetate in order to heighten the ratio of the acetate in the sex pheromone component. A 40 : 60 blend of (Z)-9-and (Z)-11-tetradecenyl acetates was the best of six kinds of lures tested on resistant males. The male response tunes to the sex pheromone blend produced by resistant females. Although no attractiveness has been generally observed in a lure impregnated with only (Z)-9-tetradecenyl acetate, males were attracted to the incomplete lure treated with the mating disruptant in the field. Resistant males supposedly utilize the widespread odor of (Z)-11-tetradecenyl acetate released from mating disruption devices installed in the tea canopy for orientation, while they trace a directional plume of (Z)-9-tetradecenyl acetate emitted from the lure.
INTRODUCTION
The smaller tea tortrix, Adoxophyes honmai Yasuda (Lepidoptera: Tortricidae) is an important tea pest in Japan (Yasuda, 1998) . The sex pheromone has been identified as a blend of (Z)-9-tetradecenyl acetate and (Z)-11-tetradecenyl acetate (Tamaki et al., 1971) . Two additional components, (E)-11-tetradecenyl acetate and 10-methyldodecyl acetate, were also found in the sex pheromone glands . The first screening of mating disruptant for A. honmai was conducted under laboratory conditions, and a single component, (Z)-11-tetradecenyl acetate, was indicated to be a better disruptant than a binary mixture of (Z)-9-and (Z)-11-tetradecenyl acetate (Tamaki et al., 1975) .
Homona magnanima is also an important tea pest in Shizuoka Prefecture. Control devices in tea areas require efficacy to eliminate both pests simultaneously. (Z)-11-Tetradecenyl acetate was identified as a main component in H. magnanima . Consequently, the chemical common to both tea pests was expected to become a control tool with efficacy in the disruption of copulation. In practice, Tamaki et al. (1983) selected (Z)-11-tetradecenyl acetate alone as an effective disruptant for the two species, based on the mating suppression of tethered females in 1 m 2 field cages. Moreover, Ohtaishi (1986) confirmed that the acetate had a practical use as a control tool in tea fields in Shizuoka Prefecture. Based on these results, a mating disruptant composed of (Z)-11-tetradecenyl acetate as the active ingredient was registered for two pests in Japan in 1983. Approximately 6% of the geometrical isomer was included Sex pheromone communication from a population resistant to mating disruptant of the smaller tea tortrix, Adoxophyes honmai Yasuda (Lepidoptera: Tortricidae)
in the disruptant. Herein, mating disruption devices with this registration are abbreviated generically as "Z11-TDA". "Z11-TDA" was applied every year to tea fields at Shimada, and damage by the pests was controlled at low levels until the late 1980s (Ogawa, 1990) . In 1996, however, the disruption rate of pheromone trap catches decreased from roughly 90% to less than 50% in A. honmai, 14 years after registration. The reason for the low disruption rate was strongly suggested to be selection pressure caused by the continuous use of "Z11-TDA", and the phenomenon was termed "resistance" to the mating disruptant in A. honmai (Mochizuki et al., 2002) . This is the only conclusively documented instance of loss of efficacy in mating disruption (Cardé and Haynes, 2004) .
In order to examine the properties of the sex pheromone in the resistant population, we analyzed the amount and ratio of (Z)-9-and (Z)-11-tetradecenyl acetates produced by females collected from tea fields in which resistance was found, and compared the findings to analyses of females from a culture originally collected from the Shimada area before the start of mating disruption. Moreover, we conducted field trap tests to examine the attractiveness of males in the same resistant tea fields in Shimada.
MATERIALS AND METHODS
Female moths for sex pheromone extraction. In 1997, 15 years after "Z11-TDA" treatment was begun, larvae of Adoxophyes honmai were collected from damaged leaves of tea fields (in Shimada in Shizuoka Prefecture) where resistance to "Z11-TDA" had been observed (Mochizuki et al., 2002) . They were reared on an artificial diet (SilkMate 2S, Nosan Co., Yokohama, Kanagawa, Japan) at 25°C and under a 14L-10D photoregime, and 27 virgin females were obtained, which were used for extraction as a representative of the resistant population. Two-day-old females were anesthetized with CO 2 gas for 2 to 3 hours before turning on the lights, and abdominal tips, which include the sex pheromone glands, were excised under a binocular microscope. Each gland was extracted in a glass capillary tube containing 10 ml of n-hexane. The extracts were stored in a refrigerator until analysis. For comparison of the sex pheromone components, females from a culture that had been maintained at the University of Tsukuba for approximately 30 years were used as representatives of the susceptible population. The susceptible insects were originally collected from the Shimada area before use of the mating disruptant, and the culture has been kept pure to prevent crossbreeding with strains collected from other areas. The sex pheromone glands of the 20 females were extracted by the same procedures as described above.
Gas chromatography-mass spectrometry (GC-MS) analysis. A gas chromatograph-mass spectrometer (GC: HP5890, Hewlett-Packard, Avondale, PA, USA, MS: JMS-SX102, JEOL, Tokyo, Japan) was used to analyze the samples. The temperature of the GC-MS interface was 220°C. A capillary column (FFAP, 0.25 mm I.D.ϫ30 m, 0.25 mm film thickness, GL Sciences Inc., Tokyo, Japan) was used under a programmed oven temperature regime from 60°C for 1 min up to 220°C at 7°C/min. The purge delay time was 60 s. Helium gas was used as a carrier at a constant flow rate of 1 ml/min. The ionization voltage was 70 eV in the electron impact mode. For analysis, ca. 2 ml (0.2 female equivalents) was injected into the GC-MS. The amounts and ratios of (Z)-9-and (Z)-11-tetradecenyl acetate in an individual female were calculated from external synthetic standards of these chemicals.
Chemicals. (Z)-9-Tetradecenyl acetate and (Z)-11-tetradecenyl acetate were synthesized by ShinEtsu Chem. Co., Ltd. These chemicals were more than 99% pure after purification with an HPLC column on a Nucleosil 5SA (250ϫ4.6 mm I.D.) column loaded with Ag ions (van Beek and Subrtova, 1995) . Each chemical was diluted with n-hexane, and hexane solution blends of (Z)-9-and (Z)-11-tetradecenyl acetate were prepared.
Field trap tests. Tea fields in Shimada in Shizuoka Prefecture to which the mating disruptant "Z11-TDA" (trade name: Hamaki-con) was applied at a rate of 5,000 dispensers per hectare were used for field trapping from 11 to 14 June 1998. Hexane solutions of 0 : 100, 20 : 80, 40 : 60, 60 : 40, 80 : 20 and 100 : 0 mixtures of (Z)-9-and (Z)-11-tetradecenyl acetate were loaded onto individual gray rubber septa (8 mm O.D., West Co., Singapore), which were kept at room temperature for 24 hours. Sticky traps (white type SE trap, D-shaped section, 29 cmϫ32 cmϫ8 cm height, Sankei Chem.
Co., Kagoshima, Japan) were placed in the tea plant canopy (approximately 1.2 m in height) at intervals of more than 5 m. A total of 18 traps were installed in each tea field, because three traps were set for each ratio of the acetates. The number of moths trapped was checked every day. From 3 to 6 August 1999, 12 traps (2 traps for each of the six different lures) were set in a tea field in Shimada not treated with the mating disruptant.
RESULTS
Amounts and ratios of (Z)-9-and (Z)-11-tetradecenyl acetates in sex pheromone glands Table 1 shows the average amounts of these two acetates in both groups of females collected from the Shimada area after starting mating disruption (resistant population) and before starting mating disruption (susceptible population). The average amounts of (Z)-9-tetradecenyl acetate in resistant and susceptible populations were 40.5 ng and 39.9 ng and were not significantly different. On the other hand, the averages of (Z)-11-tetradecenyl acetate were 45.6 ng and 15.1 ng, and the average of the resistant population was significantly higher than that in the susceptible population (t-test, pϽ0.05).
Minor compounds, (E)-11-tetradecenyl acetate and 10-methyldodecyl acetate, previously reported by Tamaki et al. (1979) and Tabata et al. (2007b) , could not be quantified. The limit of detection for our quantitative analysis by GC-MS was 0.5 ng. Only 0.2 female equivalents were injected into the GC-MS for analysis whereas pheromone amounts of more than 2.5 ng per female were needed to quantify these minor components.
The percentages of (Z)-11-tetradecenyl acetates to total amounts of (Z)-9-and (Z)-11-tetradecenyl acetates are shown in 
Male responses to different ratios of (Z)-9-and (Z)-11-tetradecenyl acetates
When traps were set in fields not treated with the mating disruptant "Z11-TDA" (Fig. 1A) , the mean percentages for male attraction with 0 : 100, 20 : 80, 40 : 60, 60 : 40 and 80 : 20 blends of (Z)-9-and (Z)-11-tetradecenyl acetates were 4, 18, 36, 22 and 20%, respectively. The blend ratio of 40 : 60 was the best attractant of all the blends. No male moths were trapped in lures impregnated with only (Z)-9-tetradecenyl acetate (100 : 0). On the other hand, in the tea field to which "Z11-TDA" had been applied (Fig. 1B) , the attraction percentages for 0 : 100, 20 : 80, 40 : 60, 60 : 40, 80 : 20 and 100 : 0 blends were 2, 29, 21, 23, 12 and 13%, respectively. The total numbers of male moths captured in all traps in untreated and treated fields were 79 and 7,240, respectively.
DISCUSSION
Adoxophyes honmai females were collected from tea fields in Shimada in Shizuoka Prefecture, where resistance to the mating disruptant "Z11-TDA" had been detected (Mochizuki et al., 2002) . The sex pheromones of these females were examined by GC-MS analysis. This is the first report of sex pheromones from resistant feral females. For comparison of sex pheromone components, females maintained in a culture at the University of Tsukuba were used. This colony, collected from the Shimada area before utilization of the mating disruptant, is also an ancestor of the S culture described by Tabata et al. (2007b) who confirmed it was susceptible to "Z11-TDA". This suggests that females maintained at the University of Tsukuba represent a population susceptible to the disruptant. In the S culture, the average amounts of (Z)-9-and (Z)-11-tetradecenyl acetate were 40.1 ng and 21.3 ng, respectively (Tabata et al., 2007b) , and the percentage of (Z)-11-tetradecenyl acetate to the total amount of these two acetates was about 34.7%, which is similar to the percentage (36.4%) calculated from the first result of identification by Tamaki et al. (1971) . On the other hand, the percentage in our susceptible population was 26.8% (Table 1) , which seems to be less than the percentages in the S strain and data from Tamaki et al. (1971) . These differences may be due to variations between generations under successive rearing, but the cause is unclear.
Although no significant difference was found in the average amounts of (Z)-9-tetradecenyl acetate between resistant and susceptible populations, the average amount of (Z)-11-tetradecenyl acetate in the resistant population was obviously higher than in the susceptible population (Table 1) . Consequently, the percentage of (Z)-11-tetradecenyl acetate to the total amount of the two acetates was heightened in the resistant population. The minimum percentage in the resistant (38.9%) was higher than the maximum in the susceptible (35.6%) ( Table 1) . Distributions of the percentages in both populations did not overlap at all, as if they had different pheromones. The resistant females may biosynthesize more (Z)-11-tetradecenyl acetate in order to heighten the ratio of the acetate in the sex pheromone components. Also, with regard to male attractiveness, the 40 : 60 blend of (Z)-9-and (Z)-11-tetradecenyl acetates was the best lure in the nodisruption field in Shimada (Fig. 1A) . Resistant males preferred the blend containing more (Z)-11-tetradecenyl acetate produced by the same population of females. The ratios of (Z)-9-and (Z)-11-tetradecenyl acetates in sex pheromone communication obviously differed between resistant and susceptible populations. The cause of the difference in sex pheromone is considered to be selective pressure from continuous use of the mating disruptant "Z11-TDA", but the mechanism of the change is not known.
(Z)-11-Tetradecenyl acetate is essential for male sexual excitement in A. honmai (Tamaki et al., 1971) , and male attractiveness disappears when the acetate is lacking (Noguchi, 1991) . Our field trap tests showed the same results as previous reports because no attractiveness was observed in the 100 : 0 blend of (Z)-9-and (Z)-11-tetradecenyl acetates (Fig. 1A) . (Z)-11-Tetradecenyl acetate is suggested as an indispensable compound for the orientation of resistant and susceptible males. However, 13% of males were attracted to a lure impregnated with only (Z)-9-tetradecenyl acetate in the field treated with the mating disruptant "Z11-TDA" (Fig. 1B) . Probably 13% of the males from the resistant population utilized widespread odor of (Z)-11-tetradecenyl acetate released from mating disruption devices installed in the tea canopy for orientation, and traced the directional plume of (Z)-9-tetradecenyl acetate emitted from the lure. This phenomenon is considered to be a property of the resistant population, because significant male catches in non-resistant populations were never observed in the mating disruption fields (Ohtaishi, 1986; Mochizuki et al., 2002) . Hiyori et al. (1986) indicated experimentally that the main disruption mechanism of "Z11-TDA" was suppression of the flight orientation of male A. honmai. When males were exposed to a high concentration of "Z11-TDA" in a wind tunnel, 81% of male moths remained downwind (Hiyori et al., 1986) . On the other hand, many male moths were trapped in the tea field in which resistance was recognized (Fig. 1B, and Mochizuki et al., 2002) . The flight orientation of the resistant population was probably not inhibited by "Z11-TDA". The resistant population may have lost the trait by which flight orientation is disrupted by "Z11-TDA".
To elucidate the mechanism of resistance, in addition to the present investigation of sex pheromones of the resistant population in the field, we imposed further selection by rearing the insects collected from the resistant field with "Z11-TDA" in the laboratory, and established a strain with strong resistance after more than 70 generations (Tabata et al., 2007b) . Surprisingly, the males of this highly resistant strain (R strain) exhibited increased mating ability because they could respond to a pheromone mixture lacking (Z)-11-tetradecenyl acetate no longer affected by the atmospheric odors of "Z11-TDA" (Tabata et al., 2007a, b) . The moths of the R strain appeared to have obtained not only the ability to utilize an odor from the disruptant, as described above, but enhanced ability to locate a mate even if they perceive an imbalanced signal of pheromone blends (Tabata et al., 2007a, b) . In female sex pheromone production in the R strain, the average amounts of (Z)-9-and (Z)-11-tetradecenyl acetates were 27.9 ng and 22.6 ng, respectively (Tabata et al., 2007b) . These values indicate that the percentage of (Z)-11-tetradecenyl acetates to total amounts of these two acetates is 44.7%. Although females of the R strain produced less sex pheromone than those of the resistant population collected in 1997, the percentage of the R strain was in the range of the percentages of the resistant population, 38.9-68.0% (Table 1) . Female sex pheromone production of the R strain seemed not to be obviously changed from the resistant population, as compared with the drastically change in males. The strain of A. honmai provides us with a good opportunity to study the mechanisms of mating disruption resistance. Further studies on the detailed features of this resistant strain are planned for the future.
